Abstract-The introduction of photonics in microwave systems is setting new paradigms in radar architectures, providing new features potentially improving the surveillance effectiveness. In particular, photonics is enabling a new generation of the multiband radars able to manage multiple coherent radar signals at different frequencies simultaneously, with high and frequency-independent quality, enabling multispectral imaging for advanced surveillance systems. In fact, thanks to its high stability and huge bandwidth, photonics matches the urgent requirements of the performance and flexibility of the next-generation software-defined radar architectures, and it guarantees system compactness, thanks to the use of a single shared transceiver for multiband operations and to the potentials for photonic integration, which also promises reduced power consumption. In this paper, we present the first field trial, in a maritime scenario, of a fully coherent multiband radar enabled by the use of photonics. The paper reviews the basic concepts exploited for the photonic generation and the detection of the radar signals, and describes the extension to the multiband operation. We present details on the implementation and testing of a dual-band coherent radar system, discussing the potentials for a software-defined radio approach. Moreover, the results obtained after a simple digital data fusion are discussed, highlighting the capability of the coherent photonics-based multiband radars in exploiting the extended observation bandwidth for improving the system detection resolution with minimum computational costs.
multi-spectral sensing. These novel applications need higher performance in terms of sensitivity and resolution, entailing the necessity of very stable radiofrequency (RF) sources, and precise broadband signal detection and digitization. Multifunctional radar systems also ask for reconfigurable and softwaredefined RF signal generators, capable of producing wideband waveforms over carriers ranging up to the millimeter waveband (MMW, above 30 GHz), while maintaining the phase stability necessary for coherent pulse-Doppler processing [1] , [2] . Furthermore, multi-spectral system reconfigurability and reliability require a radar receiver with the digital back-end working up to the MMW range [3] . Wideband reconfigurable transmitters and receivers would therefore implement the software-defined radio (SDR) approach, allowing a single radar hardware to support different sensing signals. Nowadays, the digital generation of RF signals with acceptable stability is limited to few gigahertz by actual direct digital synthesizers (DDSs). Generating higher RF frequencies needs multiple up-conversions, which worsen the signals phase noise [1] , [2] . Today's analog-to-digital converters (ADCs) show a significant reduction of precision when the input bandwidth and sampling speed are increased [4] [5] [6] , and signals at high carrier frequencies need to be down-converted before being digitized. So, the technical requirements for SDR radars are currently a serious challenge for high-speed DDSs and ADCs.
In the last decade, the research field of microwave photonics has been investigated as a possible solution to the several issues of electronic systems. Microwave systems can take advantage of the specific features of photonics, as wide bandwidth, immunity to electromagnetic interferences, low-loss and low-distortion propagation, low phase noise of optical clocks, and extremely high frequency flexibility. These unique properties translate in a wide range of advanced functionalities [7] [8] [9] [10] . In particular, photonics allows generating RF signals in a wide range of carrier frequencies (up to the MMW) with superior phase stability. Photonics also enables the simultaneous generation of multiple RF carriers. It allows controlling the beam forming of wideband signals in phased array antennas, with the capability for implementing a tunable filtering or other signal elaborations. At the receiver side, photonics permits the analog-to-digital conversion with large input bandwidth, high sampling rates, extremely low jitter, and the capability to receive multiple signals simultaneously. All these features candidate photonics as an enabler for SDR radar systems. Moreover, photonics allows the fiber-based distribution of the RF signals from the transceiver to the antenna site, with negligible transmission losses and distortions. The potential of using photonics in radar systems has been highlighted in recent works [11] [12] [13] [14] , evaluating the flexibility and high performance of a photonics-based transceiver, and testing photonics-based radars (incorporating single-frequency RF front-ends) in several aerial and maritime field trials.
The capability to work at different carrier frequencies is one of the fundamental requirements of SDR systems. This feature is necessary, for example, to trade off long distance detection and target tracking. In fact, while early-warning applications prefer S-band radars (strong immunity against weather clutter), target tracking is usually realized in the X-band to generate narrower beams. Moreover, different materials show different reflectivity profiles along the RF range. The flexibility of adapting the radar carrier frequency would therefore allow optimizing the performance based on the operative conditions (weather, target distance, target material, required precision, etc.). A convenient way of implementing the frequency flexibility is the realization of a multiband system, and combining the information from multiple signal bands. In addition, multiband radars have a larger total bandwidth, and this can be used for improving the observation precision, merging the data from different bands [15] [16] [17] . Since photonics allows implementing coherent multiband systems with a single photonics-based transceiver, it holds the potential for simplifying the implementation of multiband radars, also reducing the system costs and improving the performance. We have recently developed the concept of photonics-based multiband radar in a preliminary study, realizing a dual-band transceiver that has been characterized in a laboratory environment [18] . In this paper, we present the results from the first field trial, in a maritime scenario, of the photonics-based dual-band radar demonstrator, and we analyze its performance and benefits. The demonstrator works simultaneously, coherently, and independently in the S-and X-bands, with a completely SDR approach. The design principles of the system architecture and the field trial results are detailed. The paper also demonstrates that the intrinsic coherence of the frequency bands enables a simplified data fusion, increasing the radar range resolution.
II. PRINCIPLE OF OPERATION
The scheme of the photonics-based multiband radar is reported in Fig. 1 . The architecture is founded on a single photonics-based transceiver, composed by a multiband RF generator and a multiband RF receiver [18] . These functional blocks are both fed by a single mode locked laser (MLL). The MLL is a pulsed laser generating an optical spectrum composed of a series of modes, spaced by its pulse repetition rate Δν = F MLL and phase locked to each other, and it can be considered as a comb of coherent local oscillators (LOs). A digital waveform generator, providing simultaneous multiple signals at different intermediate frequencies (IFs), also feeds the RF generation block. As will be detailed in the next paragraphs, the RF generation block mixes the optical signal from the MLL with the electrical signals at IF, generating multiple RF signals at different frequency bands. Similarly, the RF receiver block combines the multiple received RF echoes with the optical signal from the MLL, obtaining the simultaneous down-conversion of each detected RF signal to its original IF. Then, an ADC digi- tizes all the detected signals simultaneously, and a digital signal processor (DSP) elaborates the received data in the different bands. The scheme also includes a set of front-ends, one for each of the managed frequency bands, filtering the RF signals, boosting them before transmission, and pre-amplifying their received echoes. Although broadband front-ends are available, frequency selective RF front-ends show better performance and are therefore preferable for demanding applications.
In the proposed scheme, since the RF signals are all generated and detected using the same coherent laser comb, they are all intrinsically phase locked to each other. As will be detailed in the following, the proposed architecture therefore combines the capability for a multi-band SDR approach, with the potential for a simple fusion of the data from multiple bands and a consequent improvement of the system precision.
A. Photonics-Based Multiband RF Generation
For the sake of simplicity, here we consider the case of a dualband radar. The generalization to the case of n different bands is straightforward extending the following scheme. The conventional generation of a dual-band RF signal is performed using two different transmitters, each one based on multistage electronic up-conversions exploiting different RF LOs (see Fig. 2 top). Each up-conversion stage introduces phase and amplitude noise, due to the phase drifts of the LOs and to the use of noisy electronic mixers. The LOs are usually incoherent with each other. Moreover, their phase stability decreases as the RF gets higher.
On the contrary, the photonic RF generation of dual-band RF signals exploits a single transmitter (see Fig. 2 -bottom). The basic concept for the photonics-based RF generation is the heterodyning of two lasers in a photodiode, producing an RF signal whose frequency is equal to the detuning between the two beating lasers. This way, thanks to the wide opto-electrical bandwidth of the available commercial photodiodes, the generation of RF signals up to 100 GHz is easily achievable. Moreover, if one of the beating lasers is modulated, the heterodyning operation up-converts the modulation to the detuning frequency. Since optical modulators are available with electro-optical bandwidth above 40 GHz, photonics allows the generation of ultra-broad bandwidth RF signals up to the MMW. In order to generate an RF signal with the phase stability required by surveillance applications, the beating lasers must be locked in phase with each other. To this extent, few techniques have been developed [19] [20] [21] . A particularly suitable solution for the generation of multiple signals is exploiting a comb of intrinsically phase-locked lasers, as a MLL [22] [23] [24] [25] [26] . Exploiting the stability of MLLs, we have recently proposed few techniques for generating multiple wideband RF signals with agile carrier frequencies selection [27] , [28] . As reported in Fig. 2 -bottom, to generate two RF signals simultaneously, three laser modes can be selected from the spectrum of the MLL. One mode is modulated by the sum of the two digitally-generated independent signals at two different intermediate frequencies f IF1 and f IF2 . The other two laser modes are selected with a detuning, respectively, of NΔν and MΔν from the first selected mode. This way, heterodyning all the three modes in a photodiode, several beatings are generated, and in particular the two desired RF signals f RF1 = N Δν + f IF1 and f RF2 = M Δν + f IF2 , characterized by a strict phase coherence. Finally, two frequency-specific front-ends filter the two RF signals and boost them before irradiation from the antennas.
B. Photonics-Based Multiband RF Receiver
The conventional dual-band RF receiver (see Fig. 3 -top) exploits a structure analogous to the conventional transmitter. It performs multiple RF down-conversions on each detected signal to move them into the bandwidth of the ADC.
The photonics-based dual-band RF detection exploits the huge electro-optical bandwidth of a single optical modulator to move all the RF signals to the optical domain simultaneously. The technique is based on the photonic down-conversion, as (b) electrical spectrum of the modulating signal, (c) optical spectrum after the modulator, (d) electrical spectrum at the output of the photodiode, (e) electrical spectrum after the filters; f) optical spectrum after the modulator, at the downconverting receiver.
reported in Fig. 3 -bottom. This basic scheme is dual to the photonic up-conversion reported in Fig. 2 -bottom. To receive two RF signals simultaneously, three laser modes can be selected from the spectrum of the MLL. One mode is modulated by the sum of the two detected RF signals at frequencies f RF1 and f RF2 The other two laser modes are selected as close as possible to the two modulation sidebands of the first laser mode, i.e., with a detuning of f IF1 and f IF2 from the sidebands, respectively. Heterodyning the three modes in a photodiode, the two beatings at f IF1 and f IF2 are generated, and they can be detected simultaneously by an ADC [29] .
III. PHOTONICS-BASED COHERENT DUAL-BAND RADAR IMPLEMENTATION
We have implemented the photonics-based dual-band radar exploiting a MLL with a F MLL = 400 MHz. A qualitative picture of the output optical spectrum of the MLL is shown in Fig. 4(a) . At the transmitter side, a DDS generates the combination of two waveforms at different intermediate frequencies f IF1 and f IF2 (see Fig. 4(b) ). The implementation of the photonicsbased transmitter is different from the operating principle reported in Fig. 2 . In fact, the repetition rate of the MLL in the demonstrator would require customized filters to select single modes. Moreover, an integrated photonic structure would be required for stabilizing the scheme against polarization and phase variations induced by mechanical vibrations. Since the realization of such a custom integrated device is out of the scope of our analysis, we resort to a scheme that does not require separating the modes of the MLL, and can be implemented with off-theshelf components [27] . In the implemented scheme, the whole spectrum of the MLL is amplitude modulated by the IF waveforms via a Mach-Zehnder modulator (MZM) (see Fig. 4(c) ). This way, the IF signals are transferred as lower-and uppersidebands around each optical mode of the MLL. When the optical signal thus modulated is detected by a photodiode, all the spectral components are heterodyned together. This way, a replica of the digitally-generated signals is obtained at any kF MLL ± f IFn , with k positive integer (see Fig. 4(d) ), up to the bandwidth of the photodiode (in our set up, 12 GHz). The output of the photodiode is then split onto two paths, where two electrical band-pass filters can extract the signals at the desired carrier frequencies (see Fig. 4(e) ). Then, the two up-converted signals are boosted to be transmitted.
The received echo signals, which are opportunely filtered, amplified, and coupled together, feed the photonic receiver. As for the generation, the actual implementation of the photonicsbased RF receiver differs from the basic scheme described in Fig. 3 -bottom, in order to avoid the need of separating the modes of the MLL. In this case, the detected RF signals modulate the entire optical spectrum from the MLL by means of a MZM. This operation performs the direct and precise optical downconversion of the RF signals (see Fig. 4(f) ) [18] . Finally, a 400 MS/s 12-bit ADC digitizes the photodetected signal. If the transmitted waveforms have been both generated below the Nyquist frequency F MLL /2 (i.e., <200 MHz), the undersampling of the echoes at 400 MS/s does not produce overlapping of the different frequency bands.
A picture of the implemented photonics-based dual-band radar is reported in Fig. 5 , where the main building blocks are highlighted. The two front-ends are also evident, in the X-and Sbands, with their related antennas. The X-band transceiver comprises a travelling-wave tube amplifier ensuring a peak power up to 100 W, while the S-band front-end uses a solid-state amplifier of up to 10 W output power. The two parabolic antennas have a gain of 30 dBi and a field of view of 10°.
It is important underlining that in the implemented scheme, the ADC and the DDS are synchronous. This detail avoids using reference signals to perform the Doppler analysis, since the received and digitized signals can be directly compared with the digital version of the transmitted signals at IF.
The photonics-based transceiver (without any frequencyselective front-end) has been characterized and compared with the performance of state-of-the-art electronic radar transceivers, as reported in [11] . The analysis has highlighted that the photonics-based transceiver already shows performance comparable to that of mature electronic systems in many important parameters. Moreover, photonics shows significant advantages in the extreme flexibility in the generated carrier frequency ranging up to 40 GHz (while electronic radars have fixed frequency band), in the arbitrary modulation capability, and in the precision of the digitization (effective number of bits (ENOB) > 7 up to 40 GHz, while electronic transceivers guarantee a direct digitization with comparable ENOB only up to few GHz). These are fundamental requirements for the implementation of the SDR paradigm in surveillance systems, confirming photonics as a promising enabler for future radars.
It is worth noting that, if a photonic implementation based on the operating principles of Figs. 2 and 3 is adopted, a further improvement of the results can be expected. In fact, using only the necessary optical signals can translate into higher SNR of the desired RF or IF signals after the photodetection, and into lower distortions. Moreover, it also allows broadening the signal bandwidth. To this end, the realization of suitable ultranarrow integrated optical filters is nontrivial, but few technical implementations have already been presented [30] .
IV. EXPERIMENTAL SETUP AND RESULTS

A. Single-Band Performance Verification
The photonics-based radar has been first characterized in the X-band only [11] , [12] . In this implementation, the intermediate frequency has been set to 100 MHz, generating an RF signal at 9900 MHz, with RF filters bandwidth of 40 MHz. The field trial has been run in cooperation with GEM elettronica, in the area around the port of San Benedetto del Tronto, Italy. In this experiment, the detections obtained by the photonics-based Specifications of the photonics-based radar in the X-band implementation, compared with the SEAEAGLE by GEM elettronica.
radar system have been compared to the ones taken by a commercial coherent radar in the X-band, the SEAEAGLE by GEM elettronica [13] , [31] . A laboratory comparison (see Table I ) has highlighted very similar fundamental features for the two systems (including the front-ends and the DSPs): the minimum detectable signal (MDS) has turned out to be -90 dBm for the SEAEAGLE and -87 dBm for the photonics-based radar, while the noise figure has been measured to be respectively 5 and 8 dB. These must be considered as promising results, being the photonics-based radar at a demonstrator stage, realized with non-dedicated photonic devices and off-the-shelf RF components.
The field trial comparison has been run acquiring the same maritime environment. The two radars have been set to transmit a linear chirp with a frequency deviation of 10 MHz over a pulsewidth of 1 μsec and a PRF of 10 kHz, and a transmitted peak power of 50 W. The coherence integration time (CIT) has been set to 7.5 ms, corresponding to the rotation of 1°of the two rotating antennas exploited in these trials. The range resolution of the radar is easily c/2B, with c the speed of light and B the signal bandwidth. The linear chirp is typically chosen for allowing broad modulation bandwidths while minimizing the side lobes of the radar autocorrelation function. On the other hand, the speed resolution is equal to 1/CIT. The numbers above therefore ensure a resolution of 15m in range and 2m/s in speed. Fig. 6(a) shows the photonics-based radar detection trace overlaid to the satellite map of the port: the coastal area and the harbor shape are well represented, including the breakwater lines and a small boat at about 0.42 nautical miles (NM) with a detected radial velocity of 5 knots (2.57 m/s). Fig. 6(b) and (c) report the plan position indicator (PPI) plots for the same scene taken by, respectively, the SEAEAGLE and the photonics-based radars. The plots show a perfect matching in the visualized scenario, demonstrating that the developed photonics-based radar is on par with state-of-the-art systems.
B. Dual-Band Performance Verification
The tests of the photonics-based radar in dual-band configuration have been recently run at the Center of Naval Support and Experimentation "Vallauri Institute" of the Italian Navy (CSSN-ITE), in Livorno (Italy). In this experiment, the intermediate frequencies generated by the DDS are at f IF1 = 59 MHz and f IF2 = 125 MHz, so that a signal in the S-band is realized at f RF1 = 2459 MHz using the upper sideband of the 6th laser harmonic, while the signal in the X-band is at f RF2 = 9875 MHz selecting the lower sideband of the 25th harmonic. The RF filters have a bandwidth of 20 MHz. The two radiating elements (in the S-and X-bands) are placed side by side, facing the sea area. An automatic identification system (AIS) receiver and a visual tracking station allow the pointing of the antennas and provide reference data of the nearby naval traffic. The two radar waveforms are both 5 μs-long and 18 MHz-chirped pulses, with a PRI of 100 μs, and 200 pulses are collected in the 20 ms CIT. The S-band signal is transmitted with a time delay of 5 μs (equal to the pulse duration) with respect to the X-band one, thus emulating a 10 μs-long radar pulse with a chirped bandwidth of 36 MHz. Fig. 7 reports the range/velocity maps simultaneously detected by the S-and X-band radars while pointing at the same scene. Three targets are evident in both the acquisitions. Within these, one is a cooperating target provided by the CSSN-ITE (Target A), while the other two are non-cooperating vessels cruising close to the port. In details, Target A is at about 1 NM and moving away with a negative speed of about 5 kn; Target B is at anchor (v = 0 kn) at 2.5 NM from the radar; finally, Target C is at about 3 NM and is approaching at about 10 kn. The data on position and speed have been compared with those provided by the AISs, confirming the correct detection of the two radar systems. It is also evident from Fig. 7 that, while the range resolution of the two graphs is equal (it depends on the bandwidth of the radar signal), the velocity resolution of the X-band radar is better than that in the S-band, since it depends on the signal carrier frequency. The speed resolution in the S-band is about 5.9 kn, while in the X-band it is reduced down to about 1.5 kn.
V. DATA FUSION OF THE COHERENT DUAL-BAND RADAR
The multispectral data from a multiband radar can also be used in a data fusion processing for improving the precision of the detection [15] [16] [17] . Complex algorithms allow merging the information from each band and synthesizing a new set of data corresponding to the union of the observation bands, thus ensuring a better resolution. The peculiar coherence of the signals in a photonics-based multiband radar allows simplifying this processing. In fact, the phase-coherent data from the different bands do not require complex phase alignment algorithms before being fused. Fig. 8 reports the digital signal processing chain of the acquired data. The FPGA performs the complex digital down conversion of the sampled data from the ADC, using the inphase and quadrature components of two different numerical controlled oscillators at f IF1 and f IF2 , respectively. The digital low pass filters separate the two channels, and the cascade integrated comb filters decimate the flow of both complex data down to 25 MS/s.
The logical flow of the radar processing, performed on the host PC, is the same for both the S-and X-channels (respectively, green block and blue block in Fig. 8 ). The data are organized in MxN matrices, with M the number of radar acquisitions and N the samples per acquisition. The data thus represented are filtered with the matched filter required by the transmitted waveform, and then they are FFT-processed by column to be coherently integrated across the M acquisitions. These operations allow the calculation of the range/velocity maps (RD: range/Doppler), as for example in Fig. 7 , or any other postprocessing (thresholding, imaging, tracking, etc.).
It is worth recalling that the SDR approach considers the possibility for the multiband system to adapt each signal according to the observed scene, changing the generated waveforms in terms of pulse shape, duration, bandwidth, and repetition rate [18] . These modifications therefore require the according change of the matrices dimensions and of the matched filters for each channel, that is easily implemented by reconfiguring the processing parameters via software.
Here we present a simple fusion algorithm that exploits the intrinsic coherence of the two data flows guaranteed by the photonics-based architecture. The method is based on the coarse approximation that two identical radar waveforms at different frequency bands are equally scattered by the observed targets, and are subject to equal losses during propagation. If this hypothesis can be accepted, the concatenation of two delayed chirped pulses with identical length T i and bandwidth Δf produces a chirped pulse with length 2T i and bandwidth 2Δf, thus obtaining a doubled range resolution ΔR S +X = c/(2 · 2Δf ). The phase coherence of the S-and X-channels then (see yellow block in Fig. 8 ) demands only for a Doppler shift correction (required by the different employed wavelength) and a time alignment. Finally, the synthetic signal is calculated by simply summing up the two echoes. For comparison, the data fusion for noncoherent signals requires iterative algorithms for aligning the phase of the involved signals, thus requiring heavy and long calculations [15] [16] [17] .
The fusion technique described above has been applied to the collaborative target detected in the scenario of Fig. 7 . Fig. 9(a) shows a picture (side view) of the Target A, while Fig. 9(b) and (c) report its range profile (highlighting only the main scatterers) detected singularly by the receivers in the S-and X-bands. It must be noted that Target A was moving away from the radar site during the detection, so the radar was seeing it from the stern. Thus, the target range profile approximately recreates the side view of the vessel. Both the S-and the X-bands detect a strong scatterer corresponding to the vessel's superstructure, while the stern is clearly visible only in the S-band profile, about 20 m behind (the total length of the vessel is 32 m). Fig. 9(d) shows the synthetic range profile calculated by fusing the data from the two bands, using the simplified algorithm described above. A much more detailed profile is obtained. Multiple scatterers can be seen on the stern (the winches), and the shape of the superstructure shows the mast separated from the backside bulkhead, according to the real form of the boat. As expected from our initial hypothesis, the range resolution of the synthetic data (4 m) is half that of the single bands (8 m), as it would be with a doubled observation bandwidth. Despite the coarse assumptions considered, the outcome of this very simple method appears promising, helping improving the detection and imaging precision with negligible processing costs, taking advantage of the availability of the two observation bands.
VI. CONCLUSION
In this paper, we have reported the design and field trial characterization of a photonics-based multi-band radar. The demonstrator exploits a single photonic transceiver to manage two radar signals, in the S-and in the X-bands. The system has been tested in a real maritime field trial, detecting both cooperating and non-cooperating targets. The detection results highlight the potentials of multi-spectral observations, that can gather different information from different bands, and can combine the data to get an overall improved resolution and sensitivity through data fusion.
Moreover, we have pointed out that photonics-based multiband radars generate intrinsically coherent signals over the different bands, and this peculiar feature allows a very simplified data fusion processing. We have implemented this feature in our demonstrator, obtaining the doubling of the range resolution with negligible processing costs, limited to the simple summation of the data from the two signal bands.
Therefore, the advanced functionalities of photonics are making its use in future radars a viable solution for enabling the SDR systems, fulfilling the requests for smart adaptation and improved situational awareness.
